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Abstract 
This study investigated the effects of selenized DC sputtered precursor stacking orders on the 
structural, electrical and optical properties of copper zinc tin selenide (CZTSe) absorber layer for 
thin film solar cells. The precursors were deposited sequentially on the soda lime glass substrate at 
room temperature by DC magnetron sputtering. The precursors were selenized by annealing in an 
atmosphere containing selenium pellets and nitrogen gas. The structural, morphological, optical 
and electrical properties were respectively characterized using X-Ray Diffractometer (XRD), 
atomic force microscopy (AFM), UV/VIS/NIR lambda 9/19 spectrophotometer, Hall Effect 
measurement system (HMS 3000) and a four point probe system. CZTSe samples made up of 
three different stacking orders with configuration Mo/Cu/Zn/Sn (stack A), Mo/Cu/Sn/Zn (stack B) 
and Mo/Zn/Sn/Cu (stack C) were prepared. All the films showed kesterite peaks with major peak 
oriented along (112) plane at an angle of 2 ≈ 27.2°. Stack C was a best stacking order since it had 
the largest grain size 67 nm, highest carrier concentration 3.4   1020 cm–3 and the lowest sheet 
resistance of 6.4 /□. Also this film demonstrated higher average absorption coefficient of about 
6.84   104 cm–1. Furthermore, the films were observed to have a smooth surface and well 
compacted with average surface roughness of about 16 nm without voids. 
 
Keywords: CZTSe, stacking orders, DC sputtering, optical, electrical and structural properties 
 
Introduction 
Thin film solar cells based on chalcogenide 
[(CuInxGa1-xS(Se)2 (CIGS))] and cadmium 
telluride (CdTe) absorbers have attained the 
competitive laboratory efficiency (Green et 
al. 2015, Ramanujam and Singh 2017). 
However, these films utilize materials that 
are either toxic, expensive, or less earth 
abundant, thus limiting mass production, 
utilization, and cost-effective sustainability 
of these solar cells (Green 2009, Wadia et al. 
2009, Tao et al. 2011). CZTSe is the most 
potential candidate as an alternative to CIGS 
and CdTe absorbers. CZTSe/S thin films 






type conductivity which are preferable 
properties for the manufacture of efficient 
solar cells (Kim and Amal 2011, Bag et al. 
2012, Liu et al. 2016). The constituent 
elements of CZTS(Se) are earthly abundant, 
cheap and nontoxic (Katagiri et al. 2009). 
 
Achievement of commercially viable 
efficiency of CZTSe thin film solar cells is 
hindered by several factors, the most 
important ones being; formation of 
unwanted secondary phases such as Cu2Se, 
SnSe2, ZnSe and Cu2SnSe3 among others 
(Dudchak and Piskach 2003, Berg et al. 
2014), high series resistance, photo carrier 
recombination (Chen et al. 2013) and 
elemental (Sn and Zn) loss through 
evaporation (Weber et al. 2010, Maeda et al. 
2011). These factors can be influenced by 
several reasons including inter diffusion of 
the precursor stacking layers, temperature 
and uncontrolled composition of the 
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elements. Few studies have reported on the 
effects of precursor stacking order on the 
properties of CZTX (X = Se, S) absorber 
layer. Little is known about the effects of 
selenized DC sputtered precursor stacking 
orders on the optical, electrical and 
structural properties of CZTSe absorber 
layer for solar cells. Therefore, this study 
investigated these effects for stacking orders 
with configuration of Mo/Cu/Zn/Sn, 
Mo/Cu/Sn/Zn and Mo/Zn/Sn/Cu.  
 
Materials and Methods  
Metallic precursor depositions  
Metallic precursors were deposited 
sequentially on cleaned soda lime glass 
(SLG) substrates by DC magnetron 
sputtering at room temperature using Balzers 
BAE 250 coating system. Molybdenum, 
zinc, copper and tin targets with the 
percentage purity 99.99% each were used. 
Before deposition, the vacuum chamber was 
evacuated to an ultimate base pressure of 5 
  10
–6
 mbar. The working pressure was 5.6 
  10
–3 
mbar at an argon gas flow rate of 75 
nml/min. Each metallic target was pre-
sputtered with shutter set over the target for 
5 minutes to remove surface contaminants. 
Molybdenum was deposited first on the 
cleaned SLG substrate as an ohmic back 
contact for CZTSe absorber. Sputtering 
power, time and thickness of Mo were 250 
W, 1 hour and 1000 nm, respectively. Three 
precursor stacking orders with the following 
configurations: SLG/Mo/Cu/Zn/Sn, 
SLG/Mo/Cu/Sn/Zn and SLG/Mo/Zn/Sn/Cu, 
labelled stacks A, B and C, respectively 
were prepared. Cu, Zn, and Sn were 
deposited at sputtering powers of 100 W for 
40, 30 and 45 minutes sputtering times, 
respectively.  
 
Selenization of the metallic precursors  
Deposited metallic precursors were annealed 
in an atmosphere containing selenium pellets 
and nitrogen gas using Rapid Thermal 
Processing (RTP -1000D4) furnace. Glass 
substrate coated with metallic precursors and 
200 mg of selenium pellets were placed in a 
sealable rectangular graphite box. The box 
was used in order to minimize the size of the 
reaction chamber. The graphite box 
containing the test sample was placed inside 
the chamber and foam block was slightly 
inserted and both ends of the tube were 
sealed with flanges. The system was pumped 
down using a mechanical pump (PREIFFER 
BALZERS, DUO 016 B) for about 30 
minutes. Next, nitrogen gas was purged in 
the chamber during annealing at a flow rate 
of 60 ml/min to prevent sample's oxidation. 
Annealing was done following a profile with 
five segments programmed as shown in 
Figure 1. 
 
During annealing, the temperature was 
ramped from room temperature (27 °C) to 
250 °C at a rate of 11
 
°C/min and kept there 
for 10 min before ramping up again to 550
 





annealing time was kept constant at 20 
minutes and then the system was allowed to 
cool naturally. 
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Figure 1: Annealing profile for CZTSe samples. 
 
 
Characterization and analysis of CZTSe 
samples  
Film thicknesses of the CZTSe samples 
were measured using mechanical stylus 
system surface profiler (KLA Tencor Alpha 
Step IQ). Before sputtering a small part of 
one edge of substrate was covered with 
Teflon tape in order to create step during 
deposition. After selenization Teflon tape 
was carefully removed and step height 
sample was measured.  
 
The structural properties of the CZTSe 
samples were characterized using XRD (Cu 
Kα radiation with λ = 1.54184 Å). Data 
resulting from XRD were used to calculate 
the grain sizes using Scherer formula 
(equation 1) (Monshi et al. 2012) and lattice 
parameters using equation 2 (Maeda et al. 
2011).  
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Surface morphology of the CZTSe thin films 
were determined using a Digital instrument 
IIIa Multimode Atomic Force Microscopy 
(AFM) and the resulting images were 
analyzed to determine the surface 
morphology and roughness using the offline 
nanoscope 5.12 r5 system software.  
 
Sheet resistances of the CZTSe samples 
were measured using a Multi Height Four 
Point Probe System (JANDEL – RM 3). 
Electrical conductivity, hall coefficient, 
charge carrier mobility and concentration 
were measured using Ecopia Hall Effect 
Measurement System (Model No HMS-
3000, 0.57 T). Measurements were taken at 
room temperature. The CZTSe samples were 
cut into 1   1 cm square dimensions and 
Sn/In were soldered on each corner of the 
film in order to create good ohmic contact. 
Soldered films were fixed on a mounting 
board. The board was then fixed to the 
system and the measurement procedures 
were followed.  
 
Optical absorbance of the CZTSe samples 
was measured using a UV-VIS-NIR 
spectrophotometer (Perkin Elmer Lambda 
9/19). The measurements were taken in the 
wavelength range from 250 to 2200 nm at an 
interval of 0.5 nm and scan rate of 240 
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nm/min. Before measurement, baseline of 
the system was calibrated by running the 
device when two clean glasses were set into 
compartments at scan rate of 15 nm/min. 
After baseline calibration, both glasses were 
removed and CZTSe sample was placed in 
one of the compartments and measurement 
was done at room temperature. The obtained 
optical absorbance data was used to compute 
absorption coefficient using equation 3. 
 
  




Absorption coefficient was then used to 
determine the band gap energy using Tauc 
plots (Equation 4) following the same 
method  as reported in the literature (Mkawi 
et al. 2014, Viezbicke et al. 2015,  Ge et al. 
2015, Singh et al. 2015) for CZTSe solar 
cells. 
 




Where: h and v represent Planck’s constant 
and frequency, respectively. For a material 
with direct band gap, n = 
 
 
 and for indirect 
band gap, n = 2. A is a band tailing factor. 
 
Results and Discussion  
Structural properties of CZTSe thin films 
XRD spectra of CZTSe samples prepared 
from different stacking orders namely stacks 
A (SLG/Mo/Cu/Zn/Sn), B 
(SLG/Mo/Cu/Sn/Zn) and C 
(SLG/Mo/Zn/Sn/Cu) are shown in Figure 2. 
The major intense XRD peaks oriented 
along (112), (220) and (116) planes 
pertaining to CZTSe thin films were 
observed. The spectrum also contains 
several minor peaks that correspond to the 
CZTSe thin films as in the Figure 2. These 
observations are consistent with reported 
works (Volobujeva et al. 2009, Li et al. 
2015, Gonce et al. 2015, Nagapure et al. 
2017). All samples demonstrated strongest 
peak intensity along (112) plane, meaning 
that the films matched with kesterite 
structure belonging to the tetragonal system 
as reported in the literature (Babu et al. 
2008, Salomé et al. 2009, Cheng et al. 2011, 
Kim et al. 2016). 
 
Lattice constants of the CZTSe thin films 
were estimated from the first two intense 
peaks whose corresponding diffraction 
planes were (112) and (220). The values 
obtained using equation 2 were, a = 0.55995 
nm and c = 1.10342 nm where c/2a = 0.99 
which is around 1 denoting the unit cell is 
tetragonal. 
 
The grain sizes were also estimated from the 
Scherrer formula (Equation 1) using the 
intense peak oriented along the (112) plane 
and the results are as shown in Table 1. 
Stack C demonstrated higher grain sizes 
compared to stacks A and B. These 
observations provide a proof that the 
structure of CZTSe thin films depends on 
the metallic stacking orders. Better films 
were obtained when Zn is not adjacent to Cu 
as noticed in stack B and stack C. This may 
be due to poor adhesion of Cu and Zn when 
they are adjacent. Moreover stack C has 
improved crystallinity due to two reasons; in 
this stacking order Cu was deposited at the 
top and it is relatively stable at high 
temperature so it prevents or reduces the loss 
of volatile elements (Zn and Sn). When Cu 
is deposited first, it diffuses easily in the Mo 
and volatile elements are easily lost hence 
destroying the structure of the material and 
making the absorber layer unstable (Ahmed 
et al. 2012). Stack A was observed to have 
less crystallinity size; this may be attributed 
to the position of Sn. When Sn is at the top it 
forms a rough surface and also it evaporates 
easily, hence affecting the lattice crystal of 
the material and growth of grain particles. 
Sn roughness was proved by AFM images as 





























Figure 2: XRD spectra of CZTSe thin film prepared with different stacking orders namely stack 
A (SLG/Mo/Cu/Zn/Sn), stack B (SLG/Mo/Cu/Sn/Zn) and stack C 
(SLG/Mo/Zn/Sn/Cu). 
Table 1: Grain size (D) and broadening of the diffraction line (β) of CZTSe thin films with 
different stacking orders 
Sample β (radian) ϴ (degree) D (nm) 
Stack A: SLG/Mo/Cu/Zn/Sn 2.694   10-3 13.8863 53 
Stack B: SLG/Mo/Cu/Sn/Zn 2.214   10-3 13.8667 65 
Stack C: SLG/Mo/Zn/Sn/Cu 2.138   10-3 13.60475  67  
 
Morphology of CZTSe samples  
The AFM images of CZTSe samples were 
taken in two dimensions (2D) as shown in 
Figure 2 (a), (b) and (c) for stacks A, B and 
C, respectively. From the AFM images, it 
was observed that the surface morphology of 
the CZTSe films is affected substantially by 
the stacking orders of the precursors. Stack 
C, where Cu was deposited at the top, was 
observed to have the smallest average 
surface roughness (Ra) of about 16 nm. This 
signifies the film is very smooth and well 
compacted. The observation might be 
thought as an outcome of the relative 
stability of Cu at high temperature. This Cu 
stability can potentially prevent the loss of 
the volatile elements (Zn and Sn). Stack B, 
in which Zn was deposited at the top has Ra 
is equal to 30 nm implying that films are 
comparatively less smoother compared to 
stack C. The film consists of spherical 
surface grains that look smaller in sizes 
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compared to stack C. In the stack A where 
Sn was deposited at the top, the film has a 
greater value of Ra which is equal to 42 nm 
meaning that this film is rougher compared 
to other stacks. The corresponding 
observation of roughness due to the Sn films 
has been reported in other works (e.g., 
Katagiri 2005). The roughness of the film 
when Sn is at the top may be due to the 
evaporation of Sn during annealing at high 
temperature. Also stack A consisted of the 
largest columnar grains (brightness region) 
with pores (darkness region) in between 
them. The relative improvement of surface 
morphology of stack B compared to stack A 
might be due to the stability of Zn rather 
than Sn at the top at higher annealing 
temperature. This film also was observed to 





(a)   Mo/Cu/Zn/Sn (b) Mo/Cu/Sn/Zn (c) Mo/Zn/Sn/Cu 
 
Figure 3: AFM images of CZTSe thin films with different stacking orders namely stack A (a), 
stack B (b) and stack C (c).  
 
Optical properties of CZTSe thin films 
Absorbance of CZTSe thin films  
Absorbance of the CZTSe thin films 
samples were observed to be higher in the 
near infrared region (2200 nm) above 4.0 
a.u, gradually decreasing to about 2.75 and 
3.5 a.u at the  ultra violet region (250 nm) 
(Figure 4). Stack C had the highest average 
absorbance of all the stacks investigated. 
The copper layer on top of the absorber has 
effects of reducing volatile Sn and Zn loss. 
Presence of Zn at the bottom may prevent 
the diffusion of Se to Mo; hence enhance 
more absorption of photons. Stacks A and B 
were observed to have lower absorbance and 
higher transmittance compared to stack C. 
When Cu is at the bottom, it may diffuse 
easily into the Mo during annealing and 
destroy reflectivity of the Mo. Also presence 
of less stable elements (Sn and Zn) at high 
temperature at the top may promote their 
loss and resulting into the formation of 
defects hence reducing absorption and 
increasing transmittance. Slight deviation in 
absorbance of the stack A and B samples 
may be due to different positions of Zn and 
Sn which affects adhesion properties of the 
adjacent layers. It was observed that CZTSe 
films with Zn at top have cracks, voids and 
peel off, which enhance transmission of 
light. This observation is attributed to the 
poor sticking of the Zn film on the Sn during 
deposition. Depositing Sn on top of Zn is 
relatively advantageous than when Zn is 
deposited on top of Sn. Zn being in between 
Cu and Sn, it reduces inter-diffusion of Se to 
the Mo, hence improves film compactness 




Band gap energy of CZTSe thin films 
Absorption coefficients (α) of the CZTSe 
thin films with different stacking orders 
(stack A, B and C) were estimated using 
equation 5 and the results are summarized in 
Figure 5. The results revealed that stacking 
orders can significantly affect the absorption 
coefficients of the films. All the samples 





 within the range of values reported 
in literature (Fairbrother et al. 2014, 
Altamura et al. 2014). Average absorption 
coefficients of the stacks A, B and C were 
5.84   104 cm–1, 5.33   104 cm–1 and 6.84 
  104 cm–1, respectively. Stack C had a 
higher absorption coefficient compared to 
other stacks in all the spectral regions 
investigated. The higher absorption 
coefficient could be explained by higher 
grain sizes compared to others as evidenced 
from XRD spectra. Increasing the grain size 
decreases the density of grain boundaries 
and reduces the band gap energy as well as 
absorption coefficient. Further observation 
from AFM images revealed that stack C is 
smoother with particles parked closely 
without voids and peeling off. 
 
Band gap energies of the CZTSe samples 
with different stacking orders were 
calculated using the Tauc plots using 
absorption coefficients data (Figure 5). 
 
Band gap energies obtained lie between 0.93 
eV and 1.2 eV. Stack order C had a band 
gap energy of 1.0 eV which is expected to 
give highest efficiency of the CZTSe thin 
film solar cell. This value of band gap 
energy is very close to the band gap energy 
which gives maximum theoretical efficiency 
(Shockley Queisser limit) for CZTSe solar 
cells under AM1.5 illumination without 
concentration (Peter 2011). Also the value is 
in good agreement with values reported in 
the literature (Tanaka et al. 2012, Jeon et al. 
2014, Kim et al. 2016). Of all the 
investigated stacks, stack A had the lowest 
band gap energy at 0.93 eV. The low band 
gap energy for this stack was attributed to 
the existence of secondary phases such as 
Cu2Se which has band gap energy of 0.75 
eV. Stack B had a slightly higher band gap 
energy (1.2 eV) which is associated to 
secondary phases such as ZnSe mixed with 
CZTSe. The band gap energy of ZnSe was 
about 2.2 eV. 
 
 
Figure 4: Dependence of absorbance of 
the CZTSe thin films on the precursor 
stacking orders. 
 
Figure 5: Tauc plots for CZTSe thin films 
prepared from different stacking orders. 
























































Electrical properties  
All the CZTSe samples whose results are 
reported in this work have shown positive 
values of the hall coefficient which implies 
the CZTSe absorber layer is p–type 
conductive in nature. The p-type 
conductivity of CZTSe thin films has been 
reported in other works (Shin et al. 2011, 




The electrical parameters such as carrier 
concentration, mobility, resistivity and sheet 
resistance of the CZTSe thin films for 
different stacking orders (stacks A, B and C) 





Table 2: Carrier concentration, mobility, resistivity and sheet resistance of CZTSe thin films 














Resistivity Ω cm 
 
Sheet resistance Ω/□ 
 
Stack A 2.87 2.14 1.37   10-1 2220 
Stack B 139 2.76 1.05   10-4 8.03 
Stack C 157 3.42 1.51  10-5 6.43 
 
The carrier concentration of all the CZTSe 




, being in 
agreement with reported values from other 
studies  (Persson 2010, Tanaka et al. 2012, 
Nagapure et al. 2017). Stack C had a higher 
carrier concentration (3.42   1020 cm–3), 
lower resistivity (1.51   10–5 Ω cm) and 
sheet resistance of about 6.43 Ω/□ compared 
to stacks A and B. This is because stack C 
has large grain sizes compared to others. 
The larger grain size improves carrier 
concentration; this is frequently reported in 
the literature (Le et al. 2010, Singh et al. 
2015). Stack C had a higher carrier mobility 
(1.57   102 cm2/VS) compared to other 
stacks. Stack A had the lowest value of 
carrier concentration, mobility, highest 







/VS, 0.137 Ω cm and 
2220 Ω/□, respectively. This may be due to 
these reasons: Stack A possesses smallest 
grain size (Table 1). Also in this stack, the 
Sn layer was deposited at the top of 
multilayers and this sample was very rough 
compared to others, these may inhibit the 
mobility of charge carriers. 
 
Conclusion  
CZTSe thin films with stacking order 
Mo/Zn/Sn/Cu showed largest grain size of 
about 67 nm compared to stacks 
Mo/Cu/Zn/Sn and Mo/Cu/Sn/Zn (53 nm and 
65 nm, respectively). The sample had a 
direct band gap energy of 1 eV and highest 
absorption coefficient of 6.48   104 cm–1, 
which are promising values for photovoltaic 
application. Films were also observed to 
possess highest carrier concentration, 
mobility and lowest sheet resistance of 3.42 
  1020 cm–3, 157 cm2/VS and 6.43 /□, 
respectively. The AFM images showed this 
stack has a very smooth and well compacted 
surface without voids and do not peel off. 
Furthermore, this stack had lowest surface 
average roughness of about 16 nm while 
stacks Mo/Cu/Zn/Sn and Mo/Cu/Sn/Zn had 
an average roughness of about 42 nm and 30 
nm, respectively. Therefor the best stacking 
order for CZTSe absorber layer for thin film 
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